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ABSTRACT

The intrinsic correlations of galaxy shapes and orientations across the large-scale structure of the Universe are a known
contaminant to weak gravitational lensing. They are known to be dependent on galaxy properties, such as their mass and
morphologies. The complex interplay between alignments and the physical processes that drive galaxy evolution remains vastly
unexplored. We assess the sensitivity of intrinsic alignments (shapes and angular momenta) to active galactic nuclei (AGN)
feedback by comparing galaxy alignment in twin runs of the cosmological hydrodynamical Horizon simulation, which do and
do not include AGN feedback, respectively. We measure intrinsic alignments in three dimensions and in projection at z = 0 and
z = 1. We find that the projected alignment signal of all galaxies with resolved shapes with respect to the density field in the
simulation is robust to AGN feedback, thus giving similar predictions for contamination to weak lensing. The relative alignment
of galaxy shapes around galaxy positions is however significantly impacted, especially when considering high-mass ellipsoids.
Using a sample of galaxy ‘twins’ across simulations, we determine that AGN changes both the galaxy selection and their actual
alignments. Finally, we measure the alignments of angular momenta of galaxies with their nearest filament. Overall, these are
more significant in the presence of AGN as a result of the higher abundance of massive pressure-supported galaxies.
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in the next decade, the Large Synoptic Survey Telescope* (LSST;

1 INTRODUCTION . . ..
Ivezi¢ et al. 2019) and Euclid® (Laureijs et al. 2011). To extract

Gravitational lensing is the distortion of light from a straight path
as it travels through the large-scale structure of the universe. It is
considered as one of the most promising observational techniques of
the next decade to elucidate the nature of dark matter and dark energy.
As a result of this effect, distant galaxy shapes appear coherently
distorted by the large-scale structure (see Bartelmann 2010, for a
review). Measuring and modelling these patterns shed light on the
composition and evolution of our Universe.

Several experiments have made ‘weak’ gravitational lensing, the
per cent level statistical distortion of galaxy shapes by the large-scale
structure, a key part of their programmes. Among those currently
ongoing are the Kilo-Degree Survey' (de Jong et al. 2013), Hyper
Suprime-Cam?® (Aihara et al. 2018), and the Dark Energy Survey’
(Dark Energy Survey Collaboration 2016); planned to start early
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unbiased cosmological information from weak lensing, these surveys
unavoidably run into another source of correlated shape distortions.
‘Intrinsic alignments’ across very large scales are an astrophysical
contaminant which needs to be modelled for the accurate extraction
of cosmological information (Hirata & Seljak 2004; Bridle & King
2007; Hirata & Seljak 2010; Kirk et al. 2012).

1.1 Intrinsic alignments

Intrinsic alignments have been observed by several surveys (Brown
et al. 2002; Mandelbaum et al. 2006; Hirata et al. 2007a; Joachimi
etal.2011; Heymans et al. 2013; Singh, Mandelbaum & More 2015a)
through position-intrinsic (gI) alignments: the alignment of a galaxy
shape with respect to the separation vector to another galaxy. While
this type of correlation can contaminate position-shear correlations,
the main contaminants to cosmic shear studies are gravitational
lensing-intrinsic (GI) alignments: the correlation between the shape
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of a background galaxy lensed by a foreground structure and the
intrinsic alignment of a galaxy around the same foreground, and
intrinsic—intrinsic (II) alignments: the relative alignment of two
galaxies embedded in the same large-scale structure. To complement
observational studies, intrinsic alignments have been investigated in
cosmological simulations (Aubert, Pichon & Colombi 2004; Tenneti
et al. 2014; Chisari et al. 2015; Codis et al. 2015a; Velliscig et al.
2015b; Hilbert et al. 2017). Both observations and simulations have
found prominent alignments of luminous red galaxies (LRGs) and
this signal is considered the main contaminant to current weak
lensing surveys. Disc galaxies have also been suggested to feature
intrinsic alignments with each other and with the density field of
the large-scale distribution of matter. Some observations suggest
the direction of the angular momenta (‘spin’) of disc galaxies is
correlated with local superstructures (Flin & Godlowski 1986, 1990;
Navarro, Abadi & Steinmetz 2004) but the observational evidence at
this point is less clear than for LRGs, with some works reporting null
detections (Slosar & White 2009) or contradictory trends (Trujillo,
Carretero & Patiri 2006; Varela et al. 2012). In simulations, disc
alignments are found to be smaller than for pressure-supported
ellipticals, and there is debate as to whether such alignments are
radial or tangential around overdensities of the matter field (Chisari
etal. 2015; Tenneti, Mandelbaum & Di Matteo 2016; Kraljic, Dave &
Pichon 2019).

Although intrinsic alignments can generally be described ana-
lytically in the linear regime by assuming the intrinsic shape of a
galaxy is correlated with the tidal field of the large-scale structure
(Catelan, Kamionkowski & Blandford 2001; Blazek, McQuinn &
Seljak 2011), the actual strength of alignment and its non-linear
behaviour are sensitive to the properties of galaxies. Observational
studies using LRGs have found the alignment amplitude to be lumi-
nosity dependent, with brighter galaxies showing stronger alignments
(Hirata et al. 2007a; Joachimi et al. 2011) in qualitative agreement
with cosmological simulations (Chisari et al. 2015; Tenneti et al.
2015). Moreover, the alignment signal has been shown to depend on
galaxy colour and on the region of the galaxy that is being probed by
the shape measurement (Chisari et al. 2015; Singh & Mandelbaum
2016; Samuroff et al. 2018; Georgiou et al. 2019a,b). Explorations
of how alignments evolve with redshift are underway (Hirata et al.
2007; Chisari et al. 2016; Bhowmick et al. 2019; Johnston et al. 2019)
and crucial to support next generation weak lensing studies. Finally,
LRGs have also been found to align with nearby filaments with a
strength that depends on luminosity (Chen et al. 2019). The mass-,
luminosity-, colour-, redshift- and scale-dependence of the alignment
signal has highlighted the need for an exploration of the sensitivity of
alignments to galaxy evolution processes and for flexible templates
for alignment models in general.

So far, little is known about what physical processes influence the
degree of alignment during galaxy evolution. In this work, we explore
the role of active galactic nuclei (AGN) feedback in particular.

1.2 Active galactic nuclei feedback

AGN feedback is the process by which thermal and kinetic energy
driven by the central supermassive black hole in the active centres of
galaxies interacts with the interstellar, circumgalactic, and intergalac-
tic medium (for a review see e.g. Fabian 2012). This mechanism is
known to be a key driver of galaxy evolution (for reviews see Cattaneo
et al. 2009 or Heckman & Best 2014). Star formation quenching
by AGN feedback and the role of this process in driving galaxy
morphologies have been studied in N-body simulations with semi-
analytic models of galaxy formation (Lagos, Cora & Padilla 2008;
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Somerville et al. 2008), in hydrodynamical cosmological simulations
(Genel et al. 2015; Khandai et al. 2015; Dubois et al. 2016; Beckmann
et al. 2017; Weinberger et al. 2017; Correa, Schaye & Trayford
2019) as well as in smaller scale simulations of individual or
merging galaxies (Di Matteo, Springel & Hernquist 2005; Springel,
Di Matteo & Hernquist 2005; Hopkins et al. 2006; Dubois et al. 2013;
Choi et al. 2014, 2018). The role of AGN feedback in impacting
intrinsic alignments remains poorly explored. This process could
have both a direct impact on the shapes and orientations of galaxies,
and an indirect one through changes in the composition of the galaxy
population.

In the context of cosmological simulations, AGN feedback is
one of the many ‘sub-grid’ prescriptions that are adopted to model
physical processes below the spatial resolution of the simulations.
Tenneti, Gnedin & Feng (2017) studied the impact of sub-grid
modelling on intrinsic alignments with a dedicated suite of cosmo-
logical hydrodynamical simulations of the MassiveBlack-II family
(Khandai et al. 2015). They compared galaxy shapes, galaxy—halo
misalignment angles and intrinsic alignment statistics for different
simulation runs each featuring a different implementation of baryonic
physics in a 25h~! Mpc size cubic box. Their main conclusion
regarding AGN feedback was that it only induced small changes
in galaxy shapes (within 20') and did not influence galaxy intrinsic
alignments. Moreover, they found intrinsic alignments to be robust
to a change in the other baryonic processes studied (star formation
efficiency and stellar wind velocity) while galaxy—halo misalignment
angle was most impacted by changes to the stellar wind velocity.
Velliscig et al. (2015a) assessed the impact of sub-grid physics
on galaxy-halo misalignments in the EAGLE and Cosmo-OWLS
simulations. They found that the misalignment angle between stars
and dark matter is sensitive to AGN feedback and the star formation
efficiency. The lack of AGN feedback resulted in a significant
misalignment of stars and haloes, specially at high halo mass.

1.3 This work

In this work, we go beyond initial studies of sensitivity of intrinsic
alignments to AGN feedback in the following ways. First, we use
pairs of cosmological simulations with the same initial conditions,
volume, and sub-grid modelling except for the inclusion of AGN
feedback to study intrinsic alignment two-point statistics.® Secondly,
the simulation suite adopted is larger than in the study by Tenneti
et al. (2016) by a factor of 64, i.e. cubic box of size (100 42~! Mpc)?.
We explore a larger redshift range and present results at z = 0
and z = 1, thus probing the cosmic evolution of AGN feedback
in the range of interest to weak lensing studies. We also quantify
intrinsic alignments via multiple observable statistics: correlations
of galaxy positions and shapes, of the density field and shapes, and
of the orientation of galaxies with the filaments of the large-scale
structure. Finally, we select a sub-sample of galaxies matched across
the two simulation runs to isolate the impact of AGN on the intrinsic
alignments of the same population, as opposed to all galaxies with
reliable shapes in the simulation box. We caution that our conclusions
could be sensitive to the sub-grid model and hydrodynamic scheme,
and it would be worth exploring this issue further in other simulation
suites.

This manuscript is organized as follows: in Section 2, we present
the main features of the Horizon simulation suite (Dubois et al.

Note for comparison that Tenneti et al. (2017) compared one simulation with
the fiducial implementation of AGN feedback of MassiveBlack-II to another
with a higher black hole accretion rate.
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2014; Peirani et al. 2017) used for this study. In Section 3, we
compare the properties of galaxies in the two simulation runs, with
and without AGN feedback (further details are given in Dubois et al.
2016). In Section 4, we describe the extraction of filaments in the
two simulations. In Section 5, we describe the statistics adopted
to quantify intrinsic alignments both in 2D and 3D and present a
procedure used to match galaxies across the two simulation runs.
We present our comparison of intrinsic alignments between runs in
Section 6 and conclude in Section 7.

2 THE HORIZON SIMULATION

The Horizon simulations are adaptive-mesh-refinement (AMR) hy-
drodynamical simulations of size 100 2~! Mpc on each side. The
AMR implementation of the code RAMSES (Teyssier 2002) allows
one to study with details high-density regions while simulating the
evolution of the universe on much larger scales. AMR simulations are
especially relevant to study the link between the large-scale structure
(on scales of 100 2~! Mpc) and galactic properties (on scales of a few
kpc). For details on the properties of the Horizon simulation we refer
the reader to Dubois et al. (2014, 2016) and Peirani et al. (2017).
Here, we will only highlight the features of the suite that are most
relevant to this work.

The Horizon simulations evolve both dark and baryonic matter
to redshift z = 0. They adopt a ACDM cosmological model with
parameters consistent with the WMAP7 constraints (Komatsu et al.
2011). Dark matter is modelled as 1024° particles, with a mass
resolution of Mpy = 8 x 107 Mg, and gas is modelled on the adaptive
grid. A number of sub-grid recipes are adopted to describe physical
mechanisms comprising gas cooling and heating, star formation
(with a stellar mass resolution of ~2 x 10° M) as well as stellar
and supernovae feedback and the formation of supermassive black
holes (SMBH). The two runs: Horizon-AGN (Dubois et al. 2014)
and Horizon-noAGN (Peirani et al. 2017) only differ with respect
to the AGN feedback mechanism (Dubois et al. 2012), which is
implemented in the former but absent in the latter. Both simulations
otherwise use identical sub-grid recipes and were run from identical
initial conditions.

In Horizon-AGN, the accretion of gas on to the SMBH releases a
certain amount of energy transmitted to the gas either in the form of
heat or kinetic energy. If the accretion rate is low, namely inferior to
1 per cent times the Eddington rate, the SMBH is considered to be
in ‘radio’ mode, releasing kinetic energy in the form of a bipolar jet
which direction is given by the angular momentum of the accreted
material (Omma et al. 2004). Following Dubois et al. (2010), the
amount of energy released is given by

EQN = e Mpyc?, (1

where Mgy is the rate of growth of the BH mass by accretion, c is
the speed of light, and ¢, is the radiative efficiency, assumed to be
€, = 0.1 (Shakura & Sunyaev 1973). If the accretion rate is superior
to 1 per cent of the Eddington rate, the SMBH is considered to be in
‘quasar’ mode, with part of the accretion energy is re-emitted as heat
with an efficiency of €; = 0.15. Thus, in this mode, the accretion rate
is given by

EX’();N = eqerMBch. (2)

The value of €, was obtained by calibrating the simulation to
reproduce low-redshift black hole scaling relations.

Galaxies in the simulation are found by using the ADAPTAHOP
finder (Aubert et al. 2004) as collections of >50 stellar particles in
regions where the local total matter density (as computed from the
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20 neighbouring particles) exceeds 178 times the cosmic average.
These structures are classified according to their importance with
a so-called ‘level’ parameter. Sub-structures within galaxies have
levels higher than 1. If found, these sub-structures are excised from
the main galaxy and the density profile of their host interpolated
smoothly. In this work, we only consider the central, lowest level,
structures in our measurements of galaxy intrinsic alignments. We
detail the nature and influence of this choice in Appendix B. Further
details can also be found in Chisari et al. (2016).

Overall, the AGN feedback implementation has an influence on
galaxy properties and the back hole population. Calibration of €
in equation (2) implies that Horizon-AGN successfully reproduces
the cosmic star formation history, galaxy luminosity functions and
colours (Kaviraj et al. 2017), the distribution of galaxy morphologies
(Dubois et al. 2016) and black hole observables (Volonteri et al. 2016)
across 0 < z < 6. However, such works also suggest that supernova
feedback might be not efficient enough to prevent an overabundance
of galaxies below the knee of the luminosity function in Horizon-
AGN. The other point of tension is at z ~ 5, where galaxies have too
low mass compared to observations (Kaviraj et al. 2017). Key to this
work is the impact of AGN on galaxy dynamics and morphologies,
investigated in Dubois et al. (2016), whose conclusions we discuss
in more detail in Section 3.2.

3 GALAXY SHAPES

3.1 Definitions

Following previous studies of intrinsic galaxy alignments with the
Horizon suite, we use the inertia tensors defined in Chisari et al.
(2015) to estimate the shape of a galaxy. The simple inertia tensor,
I;j, describes the second moments of the spatial distribution of mass
in a galaxy and it is given by a sum over n stellar particles in a given
galaxy as

1
lj = - 2 m"x" ) 3)
M. &

where i an j run over the three coordinate axes of the box. Only
galaxies with >300 stellar particles are considered to have a reliable
shape (Chisari et al. 2015).

Alternatively, the reduced inertia tensor is defined as

_ 1 m(")xlf")x;")
lij = E Z 2 )
n

n

where r, is the three-dimensional distance from stellar particle n
to the centre of mass. The reduced inertia tensor hence emphasizes
the contributions of stellar particles close to the centre of mass of
the galaxy, more closely mimicking a luminosity-weighting akin to
that of observed shapes. The choice of either of these two tensors
influences both the distribution of galaxy shapes, and the amplitude
of intrinsic alignment correlations, as detailed in Appendix A.

The definitions introduced above allow us to model each galaxy
as an ellipsoid. We derive the length of the axes of the ellipsoid from
the eigenvalues of the chosen inertia tensor, and their directions from
the corresponding eigenvectors. Namely, if A,, A5, and A, are the
eigenvalues of the inertia tensor ordered in descending order, and
u,, up, and u, the corresponding eigenvectors, then the direction
of the major axis of the ellipsoid is u, and its length a = /A,
(and correspondingly for the intermediate and minor axis). Two axes
ratios can be defined: the ratio of the lengths of the minor and major
axis of the ellipsoid (s = c/a, projected along the direction of the
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intermediate axis) or between the intermediate and major axis (¢ =
bla, projected along the direction of the minor axis).

To mimic observations as projected on the sky, we restrict the
indices i, j of the inertia tensor to only run over two of the coordinate
axes of the box. We follow the same procedure as above to obtain the
axial ratio of the corresponding ellipse, ¢ = b/a, and the direction
of the minor and major axes. We define the complex ellipticity of a
galaxy as follows:

1-¢q°
1+qg2
where ¢ is the angle between the minor axis of the galaxy and a
reference direction. We define the total ellipticity as e = /e + 2.

Alternatively, and particularly relevant to disc galaxies, the ori-
entation of a galaxy can be quantified through the direction of its
angular momentum,

(cos(2¢), sin(2¢)), (%)

(€+, ex) = —

L=%m,x, xv,, (6)

where v, is the three-dimensional velocity of the n-th stellar particle,
or the corresponding unit vector or ‘spin’, s = L/|L|.

3.2 Galaxy dynamics

Intrinsic alignments studies have distinguished different regimes of
alignments, depending on the properties of the galaxies. In particular,
previous studies with the Horizon-AGN simulation have shown that
alignment patterns are dependent on the dynamics and the mass of
the galaxies (Chisari et al. 2015). Therefore, prior to our comparison
of intrinsic alignments between Horizon-AGN and Horizon-noAGN,
we need to compare the distribution of such galactic properties in the
two simulations.

To have a proxy for how coherent the movement ofhighi stellar
particles is in a given galaxy and thus distinguish between disc-
like and elliptical-like galaxies, we define the stellar rotation versus
dispersion parameter, V/o, where V is the mean rotational velocity of
the stars and o the stellar velocity dispersion. The rotational velocity
V is defined via a set of spherical coordinates, with axis z-direction
given by the one of the galactic spin. V'is then defined as V = vy and

the velocity dispersion as o = /02 + 07 + o2. This parameter is
highly correlated with galaxy ellipticity. The more a galaxy resembles
a disc, the higher its V/o parameter, while the closer to an ellipsoid,
the lower its V/o.

Galaxy dynamics in the Horizon-AGN and Horizon-noAGN sim-
ulations have been studied in detail in Dubois et al. (2016). The main
conclusion of that work was that AGN feedback decreased the V/o
parameter of galaxies, driving them from mainly rotation-dominated
to dispersion-dominated. According to their findings, this dynamical
transformation is due to a decrease in the in situ fraction of stars in the
presence of AGN feedback. In situ stars form from rotating accreted
gas and indeed tend to result in a rotation-dominated population
(high V/o) while ex situ stars accreted from merging neighbouring
galaxies form dispersion-dominated populations (low V/o). Thus,
AGN feedback decreases the overall V/o of massive galaxies by
quenching star formation and allowing ex situ dispersion-dominated
stars to become dominant. However, Dubois et al. (2016) also
highlighted that AGN feedback directly decreases the V/o parameter
of both the in situ and ex situ stellar population of a given galaxy.
This is interpreted as another consequence of the quenching of star
formation by AGN feedback: it prevents the in situ component from
being renewed, and hence it becomes more dispersion dominated
due to galaxy mergers. The same effect has an impact on the stellar
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population of merging galaxies, leading to a more dispersed ex situ
component as well.

We show the distribution of galaxies in V/o and stellar mass in
Horizon-AGN and Horizon-noAGN in Fig. 1. In both populations,
more massive galaxies tend to be more rotation dominated. However,
in Horizon-AGN higher mass galaxies can feature a wide range
of V/o from O (completely dispersion dominated) to around 1.5
(rotation dominated). On the contrary, in Horizon-noAGN higher
mass galaxies are concentrated in a narrower region with higher
values of V/o. As high-mass dispersion-dominated galaxies develop
in Horizon-AGN but not in Horizon-noAGN, we can conclude that
those galaxies develop due to AGN feedback, in agreement with the
findings of Dubois et al. (2016). We will see in Section 6, how the
presence of high-mass dispersion-dominated galaxies in Horizon-
AGN plays a significant role in the resulting alignment signal.

To compare and contrast the impact of galactic morphology on
the alignment signal, we divide the galaxy populations into two
samples according to V/o and stellar mass. The first sample that
we choose to study corresponds to high-mass ellipsoids, which we
define as galaxies with V/o in the lowest third of the V/o distribution
at z = 0 (V/o < 0.38) and logarithmic stellar mass logo(M./Mg)
> 9.5, which roughly corresponds to mass in the second half of
the mass distribution. The second sample we study corresponds to
discs that we define as galaxies with V/o in the highest third of
the V/o distribution at z = 0, that is V/o > 0.6. These samples are
intended to highlight different patterns of alignment depending on
the stellar population dynamics. It is known from observations that
massive red galaxies are more prone to alignments pointing their
major axes towards each other. On the other hand, disc alignments
are expected to display opposite trends due to alignment of their
angular momentum — though this signal has been more elusive in
observations. We will also study the full population of galaxies in
Section 6.1.

3.3 Galaxy matching

In comparing alignments across the two simulations, we want to
answer two questions: (a) are there differences in the alignment
signal of the overall population of galaxies due to the presence of
AGN feedback? and (b) do these differences stem from a change in
the galaxy population, or a change in the way galaxies align with
their environment? To answer the first question, we take all galaxies
with reliable shapes in the simulations, and defined the two samples
of interest as outlined above. Note that in this case, the two galaxy
populations compared between Horizon-AGN and noAGN can have
different number densities, as shown in Table 1. To answer question
(b), we focus on a matched sample of galaxies across simulations
(we will refer to this method as a ‘matched comparison’).

We refer to Peirani et al. (2017) and Beckmann et al. (2017) for
a description of the matching procedure. Twin galaxies occupy ap-
proximately the same positions in the two simulations (~ 80 per cent
show displacements of <0.03 Mpc). The matching efficiency as
a function of stellar mass and of the V/o parameter is shown in
Fig. 2. As seen on the upper panel, lower mass objects have more
diverging evolution histories and they are therefore harder to match
across simulations. We also observe a considerable drop in matching
fraction for low-V/o galaxies. On the one hand, dispersion-dominated
galaxies are expected to be less well-matched due to their lower
masses. However, given that the drop in matching fraction at low
Vlo is more important than the one at low mass, this population
could also have a diverging history due to the importance of galaxy
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Figure 1. Distribution of galaxies at z = 0 in V/o and stellar mass in Horizon-AGN (upper panel) and in Horizon-noAGN (lower panel) in 50 bins of mass
times 50 bins of V/o (colour map) and contour maps of the Horizon-AGN and Horizon-noAGN distributions. A contour labelled as N > X corresponds to the

line enclosing the bins containing more than X galaxies in a given simulation.

Table 1. Number of galaxies in Horizon-AGN and Horizon-noAGN used in
this analysis. Disc galaxies correspond to V/o > 0.6, identifying the third of
the population with the highest V/o . Ellipsoids correspond to the third of the
population with lowest V/o, i.e. V/o < 0.38 and we also restrict this sample to
have log1o(M,/Mg) > 9.5. All columns include the usual selection criteria:
N > 300 and level = 1. (m) indicates the matched sample.

Total Vie < 0.38 Vie > 0.6
logi1o(M/Mg) > 9.5
AGNz=0 77492 7793 26810
no AGNz=0 73791 6082 28472
AGNz=1 84562 2834 64633
no AGNz =1 83146 764 67916
AGN (m)z=0 56 603 4718 21086
AGN (m)z =1 68167 2137 54845

mergers in their evolution. We detail in Table 1 the number of galaxies
matched for each sample selection.

3.4 Morphology comparison

The matching procedure described above allows one to compare the
morphology of galaxies across the two simulations. Using the V/o
parameter as a tracer of galaxy morphology, we compare the V/o
of matched galaxies of Horizon-AGN with the one of their twins
in Horizon-noAGN in Fig. 3. AGN feedback drives galaxies to be
less disc-like and more dispersion dominated, resembling ellipsoids.
This effect is especially present for low-V/o galaxies, which are
particularly sensitive to AGN feedback. This can also be evidenced
in Fig. 1, where it can be seen that higher mass galaxies are the ones
whose dynamics is more sensitive to the presence of AGN feedback.

4 FILAMENTS

The skeleton of the cosmic web in each simulation is extracted using
DISPERSE (Sousbie 2013), a ridge extractor topological algorithm
publicly available.” This method was first described in Sousbie
(2011) and Sousbie, Pichon & Kawahara (2011), and it generalizes
the skeleton picture based on Morse theory (and therefore Morse

http://www.iap.fr/users/sousbie/disperse.html
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Figure 2. Fractions of galaxies of Horizon-AGN (blue) and Horizon-noAGN
(red) which have been matched successfully at z = 0 (solid lines) and z = 1
(dashed lines) in bins of stellar mass (top panel) and V/o (bottom panel).

functions that are smooth and non-degenerate) that has been devel-
oped in recent years (Novikov, Colombi & Doré 2006; Sousbie et al.
2008; Pogosyan et al. 2009; Sousbie, Colombi & Pichon 2009).
It defines the filaments of the cosmic web as the set of critical
lines joining the maxima of the (density) field through saddle points
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following the gradient, but for discrete tracers instead of smooth
functions. We refer the reader to Sousbie (2011) for more details.

An important point is that the commonly used smoothing scale
in studies of structures in cosmological simulations is replaced here
by a topological persistence, which allows us to assign a level of
significance to each topologically connected pair of critical points,
therefore mimicking an adaptive smoothing depending on the local
level of noise.

In this work, the persistent skeleton is extracted from a Delaunay
tessellation of the galaxy distribution for a fixed thresholds of
persistence of N, = 5. As discussed in Codis et al. (2018), the value
of the threshold does not change the measured correlations between
galaxies and filaments as long as reasonable values are chosen. The
net effect of this persistence threshold is to remove any pair with
probability less than N, times the dispersion of appearing in a log-
Gaussian random field. Hence, this procedure allows us to filter out
noisy structures.

5 ALIGNMENT STATISTICS

5.1 Correlations in three dimensions

Galaxy intrinsic alignments can be studied in three dimensions
using the orientation—direction correlation function, n.(r) (Lee &
Pen 2008). This is defined as

ne(r) = (|F - a(x +r))*) — 1/3, (7

where x is position, r is the separation vector between pairs of
galaxies, 7 is the separation vector direction (normalized to unity),
and a is the normalized minor axis vector of the second galaxy of a
pair. A positive 7.(r) implies that the alignments are preferentially
tangential, while a negative n.(r) implies that they are preferentially
radial. We compute error bars using the standard error on the mean
(SEM) of our estimator as

SEM = ——, ®)
VN:

where o is the variance in the bin of radial distance r and N; the

number of galaxies in this bin.

We also study spin-separation correlations, ns(r), using a similar
statistics as the one of equation (7) but replacing the minor axis vector
a by the spin s. The uncertainty on this statistic is computed in the
same way as for the orientation—separation correlation.
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5.2 Projected correlations in two dimensions

Though three-dimensional studies in simulations provide better
statistics for measuring alignment signals, photometric observations
can only access two-dimensional quantities. The commonly used
statistical approach in this case is to correlate projected galaxy shapes
with galaxy positions, wg, and with the density field, ws.. wgy is
most often used to study galaxy-intrinsic alignments in observations,
while ws. is typically obtained from simulations in order to more
directly model the intrinsic alignment contamination to cosmic shear
studies. We measure both quantities in Horizon-AGN and Horizon-
noAGN in this work.

To define these two projected statistics, consider three samples of
objects: a sample of galaxies that we use for their positions (1), a
sample of galaxies that we use for their shapes (2), and a sample of
random points (3). In autocorrelation studies, samples (1) and (2) are
the same. For cross-correlations, samples (1) and (2) are different.
We construct a set of random points inside the simulation volume that
has a mean density equal to that of the galaxy sample. We then define
the correlation function of galaxy shapes and positions, €, (7p, IT),
for galaxies separated by a projected distance r, and a line-of-sight
distance of IT as

S.D—S.R
RR

The term RR corresponds to the number of random pairs with
separation (r,, IT). In practice, we drop this term due to its negligible
contribution, following our findings in previous work (Chisari et al.
2015). For speed, RR is then computed analytically. We can similarly
define €, . The term S, D is a sum over pairs of galaxies, with one in
sample (1) and the other in sample (2), and separation (7, IT), given
by

©

6g+(rp7 I =

S+D =

C+ij
10
> R (10

(i, )€(rp, )

where e, ; ; is the first component of the ellipticity of galaxy (2)
around galaxy (1). S; D is normalized by 2R, where

R=1- (), (11)

is the responsivity (see Jarvis et al. 2003). Analogously, SR
corresponds to replacing sample (1) with the random points.

These functions are then integrated across all bins of line-of-sight
distance IT between —ITy,,x and ITp,, Where I,y is half the length
of the simulation box, to obtain projected correlation functions. For
example

Mmax
Wet (rp) = /n €gy(1p, TDHAIT. (12)
ws4 is computed in a similar way but replacing galaxy positions
by a sample of positions of unbiased tracers of the density field.
Specifically, we describe the density field in the simulated box
selecting a random sub-sample (1/1000) of stars, black holes, gas,
and dark matter particles available in the simulation.® These act
as unbiased point-tracers of the density field. Chisari et al. (2015)
showed that this tracer selection ensured a 10 per cent convergence
level in the dark matter power spectrum. A similar sub-sampling
factor was adopted in Tenneti et al. (2015). We have verified that
doubling the number of particles does not have any impact in our
results.

8Notice the gas grid is converted into particles following Chisari et al. (2018).
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When wyg, is positive, galaxies are more often tangentially aligned
around each other, while when it is negative, they are preferentially
radially aligned (and similarly for ws, around dark matter and bary-
onic particles). Hence, wg (7}, is a 2D tracer of radial/tangential 2D
alignments, in the same way as 1.(r) is a 3D tracer of radial/tangential
3D alignments.

We derive our estimate of w and ws and the associated errors by
dividing our simulation volume into eight sub-boxes of side 50 4 ~!
Mpc. In each sub-box, we compute w,, and ws,; and then use the
mean of the 8 estimates as our global estimate, and the standard error
on the mean as our error bar. Estimates of wy, and w;, using the
full simulation volume were found to be consistent with the mean of
the eight sub-boxes within our error bars.

5.3 Alignments with filaments

Alignments of spins around filaments are quantified via the cosine
of the angle between the galactic spin direction and the direction
of the nearest filament, cos (¢). This cosine is defined to be always
positive. The histogram of the measured values of cos (f) is computed
in different bins of stellar mass and re-scaled by the total number of
objects times the size of the bin to get a probability distribution
function. The results were shown to be insensitive to the number of
closest segments (1, 2, or 3) chosen to define the filament orientation.
The remainder of the paper only considers the single closest filament
to define the orientation of the closest branch of skeleton. Error bars
for spin alignments around filaments are estimated as the error on
the mean obtained from 8 sub-volumes of the simulation.

6 RESULTS

6.1 Shape alignments around galaxies

In this section, we study the alignments of galaxy shapes around
other galaxies. For this purpose, we select galaxies based on stellar
mass and V/o in Horizon-AGN and Horizon-noAGN according to
the criteria described in Section 3.2. We show our results for the total
population, high-mass ellipsoids (V/o < 0.38 and logo(M./Mg) >
9.5), and all discs (V/o > 0.6). Consistent with our previous findings
(Chisari et al. 2015), we see that galaxies are more disc-like at higher
redshift. At z = 1, imposing a V/o > 0.6 cut encapsulates around
75 per cent of the galaxies, compared to a third of them at z = 0.
(Notice the numbers quoted in Table 1 include cuts in the number of
stellar particles, N > 300, and remove all sub-structure, as discussed
in Sections 2 and 3.)

6.1.1 Full galaxy population

We begin with studying alignments in the full galaxy population,
without any selection by V/o or stellar mass. Fig. 4 shows two
different types of alignment measurements: three-dimensional
(top panels, as in equation 7) and projected (bottom panels, as in
equation 12). The top left panel presents the alignment of all galaxies
in each simulation. Black lines correspond to z = 0 and red lines to
z = 1. We find that the alignment signal is predominantly negative,
suggesting that the minor axes of galaxies are perpendicular, on
average, to the separation vector. The alignment strength increases
towards z = 0. At z = 1, there is no overall difference between
the signals in Horizon-AGN and Horizon-noAGN, but a significant
difference is developed by z = 0, with the overall population
of galaxies in Horizon-AGN being more aligned. Because 7.(r)
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captures alignments around galaxies, this difference could come
from an actual difference in alignments in the two simulations, or
a difference in how the galaxy population traces the density field (a
change of bias, or a more locally anisotropic distribution of galaxies),
or both. Similar results are obtained in the projected correlation
function at z = 0 (bottom right panel), where Horizon-AGN shows
an excess of radial alignments particularly at small scales.

To distinguish between the two alternative interpretations, the
top right panel shows the three-dimensional alignments of the
matched population. The difference between Horizon-AGN and
Horizon-noAGN is similar to that seen in the top left panel of
Fig. 4. As the matched galaxies live at the same positions in the
two simulations, differences in the measured alignment correlation
cannot be attributed to the way in which galaxies trace the underlying
density field, but to actual changes in their relative orientations,
with these being more strongly correlated in the AGN feedback
simulation.

The bottom left panel of Fig. 4 shows projected alignments, i.e.
Wgy, at z = 0. Similarly to the 3D case, we find that alignments
of galaxy shapes around galaxy positions are stronger in projection
when implementing AGN feedback. Finally, the bottom right panel
shows the ws, correlation of all projected galaxy shapes around
the matter field. We use this statistic as a proxy for weak lensing
contamination. We find that this correlation is robust to the inclusion
of AGN feedback, with similar results in both simulations within
our error bars. This suggests that while the impact of AGN feedback
needs to be considered in the modelling of galaxy position—shape
correlations (wg, ), its impact on w; ., and thus on the contamination
of intrinsic alignments to weak lensing, is negligible.

6.1.2 High-mass ellipsoids

Galaxy alignments have only been conclusively observed for massive
red pressure-supported galaxies (Mandelbaum et al. 2006; Hirata
etal. 2007; Joachimietal. 2011; Lietal. 2013; Singh, Mandelbaum &
More 2015). These are considered to be the main source of contam-
ination to weak gravitational lensing observables in current surveys.
We explore how AGN feedback affects this particular population in
Fig. 5. This figure is analogous in its layout to Fig. 4, except for us
selecting only high-mass ellipsoids in both simulations.

The top left panel of Fig. 5 demonstrates that the minor axes
of ellipsoids are oriented perpendicularly to the separation vector.
The strength of the alignment is higher than for the whole galaxy
population (compare to the top left panel of Fig. 4). The redshift
evolution however seems to be reversed: high-mass ellipsoids at z =
1 are rather more aligned than their counterparts at z = 0. The
w4 (bottom left panel) correlations display analogous trends to the
ones seen in 1. at z = 0. Moreover, the difference between the
alignment signals of Horizon-AGN and Horizon-noAGN becomes
more prominent in both statistics, compared to Fig. 4. The small
number statistics at z = 1 (given our specific selection cut and the
redshift evolution of the population — see Table 1) implies that we
cannot reliably identify any difference in the alignments of high-
mass ellipsoids between Horizon-AGN and Horizon-noAGN at this
redshift.

Compared to the whole galaxy population, high-mass ellipsoids
exhibit more important differences in alignments between Horizon-
AGN and Horizon-noAGN both in n.(r) and w,, . This is a result of
the presence of very high mass (log;o(M./Mg) > 10.5) ellipsoids in
Horizon-AGN that do not exist in Horizon-noAGN. The counterparts
in Horizon-noAGN of these very high mass ellipsoids have higher

1202 YoIel\ /| UO Jasn Jyoaun Ateiqi Aisioaun/nn Jad %eayioliqig auydsIipunr Aq £4680.G/8921/€/26v/9101HE/SIUW/WOD dNO"dlWapEdE//:SdNy Wolj papeojumoq



N e

R B 1
>
= -0.021
AGN z=0
--}-- noAGN z=0
—— AGN z=1
-0.04 --}-- noAGN z=1
10" 10° 10
0.10
0.05 1
pa.
Q
2 0.00
E -0.05
+
20 —0.10
X —0.15
kQ”
—0.201
~0.25 : :
10 10!
rp [Mpc]

AGN feedback and galaxy alignments 4275

0.00 1

-0.04 1

100 10!

10° 10
rp [Mpc]

Figure 4. Shape-position alignment signals for all galaxies with number of stellar particles N > 300 and level = 1 for Horizon-AGN (solid lines) and Horizon-
noAGN (dashed lines). Upper left is n.(r) at z = 0 (black lines) and z = 1 (red lines), upper right is n.(r) for the matched galaxy population with cuts made in
Horizon-AGN at z = 0 (black lines) and z = 1 (red lines). Bottom panels correspond to projected correlations multiplied by the projected correlation distance:
rp X wgy around the galaxy positions (bottom left) and r, x ws4 around the sub-sampled matter density field (bottom right) at z = 0 (black lines) and z = 1
(red lines). Note that the y-axis range differs between the bottom right and left panels.

V/o, and therefore are not included in this sample. The Horizon-AGN
simulation includes 2143 ellipsoids log;o(M,/Mg) > 10.5, while only
245 of this type exist in Horizon-noAGN. In Fig. 6, we reproduce the
two curves of Fig. 5 top left panel at z = 0 and we divide the sample of
high-mass ellipsoids between those of very high mass (log;o(M./Mg)
> 10.5 and the rest). As shown in Fig. 6, those with log,o(M./Mg) >
10.5 display a very strong tangential alignment signal of their minor
axes, while smaller mass ellipsoids show weaker alignments.

Similarly to Fig. 4, we can identify a matched population of high-
mass ellipsoids. Their alignments in Horizon-AGN and Horizon-
noAGN are shown in the top right panel of Fig. 5. Cuts are made in
Horizon-AGN and we show the alignments of high-mass ellipsoids
in Horizon-AGN, and of their twins in Horizon-noAGN. The overall
signal in 7n.(r), though mostly significant, is smaller than for the full
population of high-mass ellipticals. The difference between Horizon-
AGN and Horizon-noAGN is also less striking. These small signals
could be a consequence of the matching: as shown in Fig. 2, matching
fractions are low at low V/o, hence it is possible that the high-
mass ellipsoids responsible for the signal have not been successfully
matched (50 per cent), accounting for a decrease in the alignment
signal.

As for ws,, shown in the bottom right panel of Fig. 5, the alignment
signal when considering all massive ellipsoids is again consistently

stronger than when considering the whole galaxy population. Some
discrepancies can be seen at large scales, as opposed to the case of
the full population in Fig. 4.

6.1.3 Discs

Our previous studies with Horizon-AGN have suggested disc galax-
ies are also subject to alignments, but with a small trend to align their
minor axes radially around overdensities in the matter field. Other
simulations have predicted the opposite behaviour and the source of
discrepancy has not yet been elucidated (Tenneti et al. 2016). It is
thus of relevance to explore whether the presence of AGN, known to
change the morphology and internal dynamics of galaxies, can be a
factor driving these results.

In Fig. 7, we show our results for disc (V/o > 0.6) shape
alignments. Alignments both in three-dimensions and projected are
found to be mostly consistent with null, though w; and w exhibit
slightly tangential trends. In comparison, Chisari et al. (2015) had
found aradial trend for the autocorrelations of discs using the reduced
inertia tensor rather than the simple one adopted in this work. The
use of the simple inertia tensor to trace disc shapes results in slightly
tangential signals, qualitatively consistent with recent observational
results (Georgiou et al. 2019a). We touch upon the impact of the
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Figure 5. Alignment signals for high-mass ellipsoids for Horizon-AGN (solid lines) and Horizon-noAGN (dashed lines). High mass is defined as logo(M«/M¢)
> 9.5 and ellipsoids as V/o < 0.38. Upper left is ne(r) at redshift O (black lines) and 1 (red lines), upper right is ne(r) for the matched galaxy population with
cuts made in Horizon-AGN at z = 0 (black lines) or z = 1 (red lines). Bottom panels correspond to projected correlations multiplied by the projected correlation
distance : rp X wgy (bottom left) and r, x wsy (bottom right) at z = 0 (black lines) and z = 1 (red lines). Due to very low number statistics of high-mass
ellipsoids at z = 1, especially in Horizon-noAGN, we only show two points for the projected correlation around galaxy positions in Horizon-noAGN and four

in Horizon-AGN.

choice of inertia tensor for tracing the shape of discs in Appendix A,
while correlations of their spins are produced in Section 6.3.

Alignments of discs in Horizon-AGN and Horizon-noAGN are
typically consistent within error bars for ne(r), we4(rp) and ws(rp).
Hence, AGN feedback is not responsible for damping any pre-
existing alignments: alignments of discs around themselves are
already close to zero without AGN feedback.

6.2 Cross-correlations

We also explore the influence of AGN feedback on cross-correlations
between different samples of galaxies. Such correlations are begin-
ning to be used in observational analyses of intrinsic alignments
to constrain the modelling (Samuroff et al. 2018). Moreover, our
previous work with Horizon-AGN showed that the alignment signal
of discs was more prominent when computed around more biased
tracers of the density field, such as ellipsoids. Hence, it is more
likely that we can see an impact of AGN on disc alignments in cross-
correlation with ellipsoids. In this section, we use all ellipsoids with
reliable shape measurements in the simulation, that is, all galaxies
with V/o < 0.38.

Fig. 8 depicts cross-correlations between discs and ellipsoids
at z = 0 and z = 1. Alignments of discs around ellipsoids at
z = 0 (‘d/e’, red curves in every panel) do not present sig-
nificant differences between Horizon-AGN and Horizon-noAGN,
and are mostly consistent with 0 when using the simple inertia
tensor.
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Alignments of ellipsoids around discs (‘e/d’) are radial in Horizon-
AGN at z = 0.5 (Chisari et al. 2015). Here, we verify this trend at
z=0and z = 1. These three-dimensional alignments correspond to
the strongest signal measured so far in any of the previous figures.
(We can however observe even stronger alignments when including
secondary structures, as discussed in Appendix B.) Interestingly,
at both redshifts, the implementation of AGN feedback damps the
alignments at small scales (r < 0.8 Mpc) by a factor of up to 3,
while it amplifies them at large scales (r > 0.8 Mpc) by a factor of
up to 2. Once again, this pattern is reproduced in projection, with
Horizon-noAGN signal being dominant at low correlation length for
both redshifts, while Horizon-AGN dominates at higher correlation
length.

The differences in alignment trends described above could be due
to a difference in the galaxy distribution (a more anisotropic distri-
bution of galaxy positions for instance), as well as a modification of
the way ellipsoids align around discs when AGN feedback is present
in the simulation. To distinguish between these two options, we once
again turn to the matched sample, whose alignments are shown in
Fig. 9. Interestingly, in the matched population, and contrarily to
the non-matched one, the Horizon-AGN alignment signal dominates
over the Horizon-noAGN one at any correlation length, particularly
at z = 1. The persistence of a difference in the alignment signal when
using these matched samples highlights the fact that AGN feedback
directly modifies the way ellipsoids align around discs. At small
scales, the fact that using non-matched samples the Horizon-noAGN

1202 YoIel\ /| UO Jasn Jyoaun Ateiqi Aisioaun/nn Jad %eayioliqig auydsIipunr Aq £4680.G/8921/€/26v/9101HE/SIUW/WOD dNO"dlWapEdE//:SdNy Wolj papeojumoq



0.00 1

-0.04 1

-0.08 1

-0.12 1

Ne(r)

—— AGN logio(Ms/Mo) > 9.5
-+- noAGN logio(Mx/Mg) > 9.5
—— AGN 9.5 <logio(Ms/Mo) < 10.5
—— AGN logio(Ms/Mg) > 10.5

10° 10"

r [Mpc]

-0.16 1

-0.20 1

Figure 6. Minor axis direction of separation correlation for ellipsoids in
Horizon-AGN (solid lines) and Horizon-noAGN (dashed line) at z = 0.06
and according to their stellar mass. Selection criteria for the galaxies include
the usual N > 300 and level = 1 and ellipsoids are defined as V/o < 0.38.
Note that black lines are the same as the upper left panel of Fig. 5.

signal dominates while using matched samples the Horizon-AGN
signal is dominant reveals that the small-scale alignment difference
observed in the matched sample is due to a difference in the galaxy
bias across simulations. More precisely the small-scale distribution of
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ellipsoids around discs must be more anisotropic in Horizon-noAGN
than in Horizon-AGN.

6.3 Spin correlations

So far we have only considered galaxy shape alignments. However,
galaxies can suffer tidal torquing that creates alignments of their
spin (Catelan, Kamionkowski & Blandford 2001; Hui & Zhang
2002; Codis, Pichon & Pogosyan 2015b). Moreover alignments of
spins around other galaxies and with the cosmic web have been
tentatively detected in observations (Pen, Lee & Seljak 2000; Paz,
Stasyszyn & Padilla 2008; Jones, van de Weygaert & Aragén-
Calvo 2010; Andrae & Jahnke 2011; Tempel & Libeskind 2013)
and correlations of spins of galaxies have been found to be non-
zero in Horizon-AGN (Chisari et al. 2015; Codis et al. 2015a). In
this section, we assess the role played by AGN feedback in spin
alignments in this simulation.

In Fig. 10, we present autocorrelations of spins in the whole galaxy
sample (left-hand panel) and cross-correlations of the spins of discs
around ellipsoids (right-hand panel). The left-hand panel shows that
the autocorrelation signal of the full galaxy population is radial and
higher at z = 1 (as expected from Chisari et al. 2015). Moreover,
the signals from Horizon-AGN and Horizon-noAGN are consistent
within error bars at both redshifts and for most of the r range. The
same is true for the correlation of the spins of discs around ellipsoids
are tangential.

While at z = 0 Horizon-AGN and Horizon-noAGN exhibit
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Figure 7. Alignment signals for disc galaxies in Horizon-AGN (solid lines) and Horizon-noAGN (dashed lines). Discs are defined as V/o > 0.6. Upper left is
ne(r) at redshift O (black lines) and 1 (red lines), upper right is 1. (r) for the matched galaxy population with cuts made in Horizon-AGN, at z = 0 (black lines)
and z = 1 (red lines). Bottom panels correspond to projected correlations multiplied by the projected correlation distance: r, x wgy (bottom left) and rp, x ws+

(bottom right) at z = 0 (black lines) and z = 1 (red lines).
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Figure 9. Cross-correlation of ellipsoids (V/o < 0.38) around discs (V/o >
0.6) (e/d) in the matched galaxy population at z = 0 (black lines) and z = 1
(red lines) in Horizon-AGN (solid lines) and Horizon-noAGN (dashed lines).

consistent spin alignment signals, at z = 1 there is a small indication
of higher alignments in Horizon-AGN, though the limited statistics
of the box prevent us from drawing a firm conclusion. The spin
alignments of discs around ellipsoids at z = 0 fairly reproduce the
trends found when using the reduced inertia tensor minor axis in
Appendix A, highlighting the fact that the reduced inertia tensor
minor axis can serve as tracer of disc spins, as shown in Chisari et al.
(2015, 2017).
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6.4 Alignments with filaments

Codis et al. (2015b) showed that the net effect of the cosmic web
was to set preferred directions for the orientation of spins, with
more massive galaxies having a spin perpendicular to the nearest
filament while less massive galaxies have a spin parallel to it. This
spin flip has been measured for spins of haloes in dark-matter only
simulations (Bailin & Steinmetz 2005; Aragén-Calvo et al. 2007;
Codis et al. 2012; Trowland, Lewis & Bland-Hawthorn 2013) and
was interpreted as a result of mergers during the flow towards the
nodes of the cosmic web (Codis et al. 2012; Welker et al. 2014,
Wang & Kang 2017). To account for baryonic physics, Dubois et al.
(2014) and then Codis et al. (2018) investigated spin orientations
with respect to filaments in the Horizon-AGN simulation, and found
a similar spin flip among the galaxies of Horizon-AGN. Dubois et al.
(2014) argued that AGN feedback played a key role in preventing
parallel alignment from being re-gained by cold gas re-accretion after
a merger. AGN feedback would ensure that the galaxy alignment is
dominated by its ex situ stellar component. We here seek to further
isolate the role of AGN feedback in the alignment of spins with
filaments by comparing these alignments in the Horizon-AGN and
Horizon-noAGN simulations.

We compute the probability distribution function of the cosine of
the angle between the spin of individual galaxies and the direction
of the nearest filament in different stellar mass bins. We study all
galaxies in Horizon-AGN binned by mass, all galaxies in Horizon-
noAGN binned by mass, and matched galaxies in Horizon-noAGN
binned by mass of their twins in Horizon-AGN.

As depicted on Fig. 11, we observe the same spin alignment
transition as Codis et al. (2018) in the Horizon-AGN population.
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Figure 10. Spin-separation autocorrelation of the whole galaxy population (left) and spin-separation cross-correlation of discs (V/o > 0.6) around ellipsoids
(Vlo < 0.38) in Horizon-AGN (solid lines) and Horizon-noAGN (dashed lines) at z = 0 (black lines) and z = 1 (red lines).
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Figure 11. Probability distribution function of the cosine of the angle between spins of galaxies and the direction of the nearest filament for 6 stellar mass
bins in Horizon-AGN (left column), Horizon-noAGN (middle column), and twins of Horizon-AGN galaxies in Horizon-noAGN (right column, (m) stands
for matched), at z = 0 (top row) and z = 1 (bottom row). In the right column, we study the twins in Horizon-noAGN of galaxies within each mass range in

Horizon-AGN.

The most massive galaxies at z = 0 and z = 1 (log;o(M./Mg) > 11,
purple curves) have an excess of probability to have low values of
cos (0), that is, to be at an angle of /2 with respect to their nearest
filament. This excess of alignment is also detected to a lower extent
in the 10.5 < log;o(M./Mg) < 11 mass bin. On the other hand,
low-mass galaxies (8.5 < log;o(M./Mg) < 9.5, red curves) have a
tendency to be aligned parallel to the direction of the nearest filament
with an excess of probability for 6 close to 0 only at z = 1.

This spin transition observed in Horizon-AGN is less significant
in Horizon-noAGN, as showcased in the middle panels of Fig. 11. At
both redshifts, the most massive galaxies only show a slight excess of
probability to be perpendicular with respect to the filament, while the
least massive galaxies display an excess of probability to be aligned
comparable to the one found in Horizon-AGN. This demonstrates
that AGN feedback has a more dramatic influence on higher mass
galaxies.

The right-hand panels of Fig. 11 focus on the matched sample.
Twins of massive galaxies display similar signals in Horizon-AGN
and noAGN, albeit the significance is lower for galaxies with masses
between 10'%> and 10" M. On the other hand, twins of low-mass
galaxies do not exhibit any significant trend towards alignment with
filaments. Looking in more detail at all the twins in Horizon-noAGN
of galaxies with log;o(M,/Mg) > 11 in Horizon-AGN, we find that
these also have masses above that threshold in Horizon-noAGN. This
suggests that, in the middle panel, the high-mass bin corresponds
to the galaxies of the right-hand panel plus another component
in Horizon-noAGN which are either not matched or matched to
galaxies with lower mass in Horizon-AGN. Those galaxies exhibit
an alignment signal with the filament that is consistent with null but
are rather numerous (~3500 compared to only ~2000 twins). Their
presence decreases the significance of the perpendicular alignment
signal of high-mass galaxies.

MNRAS 492, 4268-4282 (2020)
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Our results support the conclusions of Dubois et al. (2014) on
the role of AGN feedback on spin alignments with filaments. In
its absence, galaxies grow to higher masses by accreting gas in
manner that allows them to preserve the parallel spin alignment
with filaments.

7 CONCLUSIONS

In this work, we have isolated the impact of AGN feedback on
galaxy alignment using two simulations of the Horizon suite. The
only difference between the two simulations is the implementation
of an AGN feedback (with thermal and kinetic modes) in Horizon-
AGN, which is missing in Horizon-noAGN. Our main findings are
as follows:

(1) AGN feedback does not change the alignments of the overall
population of galaxies around the matter density field in the simula-
tions. Hence, within our error bars, it does not impact the modelling of
the main source of alignment contamination in cosmic shear studies,
the ‘GI” term (Hirata & Seljak 2004). In the future, this will need to be
confirmed by making a more representative selection of galaxies in
the simulation specifically designed to match that of lensing studies
with current and future surveys.

(i) AGN feedback changes the correlation of galaxy shapes
around biased tracers of the density field (i.e. galaxy positions).
As this is the main observable used to measure intrinsic alignments
directly and constrain their modelling, our results suggest that this
effect needs to be taken into account for such applications and
particularly at small scales. At such scales, other elements of sub-
grid modelling in hydrodynamical simulations might also play a role
and should be investigated in existing suites.

(iii) Galaxy matching across simulations allowed us to isolate
the effect of AGN on galaxy orientations from selection effects
driven by our choice of galaxy samples (i.e. the fact that galaxies
in Horizon-noAGN are more disc-like). Our results suggest that
AGN has an impact on driving galaxy alignment trends through
both a change in the distribution of galaxy properties and in the
correlation of their orientations. From an observational point of view,
this suggests that combinations of such measurements could establish
useful constraints on the impact of this feedback mechanism.

(iv) In the comparison done in the matched sample, wherever
differences of alignments around biased tracers of the density field
are observed, alignment signals are reinforced when implementing
AGN feedback. This is a consequence of the presence of more
pressure-supported galaxies, known to be the main population subject
to intrinsic alignments.

(v) Within our error bars, spin alignments of the overall galaxy
population are not modified by AGN feedback. Neither are the spin
alignments of matched samples. The only changes perceived in spin
alignments are in the cross-correlations of non-matched samples,
suggesting they are due to changes in the population across selection
boundaries rather than actual changes in their alignment.

(vi) Spin alignments around filaments are weaker when consider-
ing high-mass galaxies in Horizon-noAGN than when considering
similar mass galaxies in Horizon-AGN. However, this damping is
due to a difference in the distribution and abundance of high-mass
galaxies, as signals are found to be consistent when considering the
matched sample.

All in all, our main findings are that, within our error bars,
AGN feedback does not impact the matter—shape correlations that
are used to estimate contamination to weak gravitational lensing
surveys. This should be verified in the future by better mimicking
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the selection of galaxies in a typical weak lensing survey. However,
AGN feedback impacts the position—shape correlations, often used
as the relevant observable to constrain intrinsic alignment models.
It remains to be seen whether this effect is currently distinguishable
from observations. Propagating our findings to forecasts is the next
natural step.

While the Horizon-AGN simulation is successful in reproducing
observed luminosity functions, mass functions, colours, and mor-
phologies of galaxies (Dubois et al. 2016; Kaviraj et al. 2017),
its AGN feedback is not sufficient to bring the fraction of gas in
haloes to agreement with observed values (Chisari et al. 2018).
Enhancing the efficiency of AGN feedback could impact alignment
statistics, although it is difficult to be fully conclusive, given potential
degeneracies between sub-grid parameters.

The sensitivity of intrinsic alignments to AGN feedback suggests
they could become a probe of this effect in the future, either via
two-point observables or the analysis of the cosmic web (i.e. the
mass transition of alignments with respect to filaments). Conversely,
it suggests that care must be taken when using hydrodynamical
simulations when interpreting observations of galaxy alignments.
Our work highlights the need to explore the parameter space of
sub-grid models in hydrodynamical simulations when comparing
predictions to observations (see Chisari et al. 2019 for a similar
proposal for exploring the impact of baryonic physics on predictions
for the cosmic shear). Existing simulation suites where multiple
calibration runs are available would already provide valuable tools to
understand the interplay of intrinsic alignments and sub-grid physics.
This seems particularly timely in the context of multiple weak lensing
surveys coming online in the next decade, which will improve
constraints on intrinsic alignments and advance the knowledge of
the role of AGN feedback on galaxy evolution.
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Figure Al. Orientation-separation cross-correlations for galaxies with N > 300 and level = 1 using the simple and reduced inertia tensor for Horizon-AGN
population (solid lines) and Horizon-noAGN (dashed lines). e/d designates cross-correlations of ellipsoids around discs and d/e of discs around ellipsoids.
Ellipsoids correspond to V/o < 0.38 and discs to V/o > 0.6.
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Figure A2. Orientation—separation cross-correlations for galaxies with N > 300 and level = 1 or all levels (‘substructures’), using reduced inertia tensor.
Horizon-AGN population corresponds to solid lines and Horizon-noAGN corresponds to dashed lines). e/d stands for ellipsoids around discs and d/e for discs
around ellipsoids. Discs correspond to V/o > 0.6 and ellipsoids, to V/o < 0.38.

APPENDIX A: CHOICE OF THE INERTIA TENSOR

When computing alignments, the use of the reduced inertia tensor (equation 4) tends to lower tangential alignments and to increase radial
ones. For instance, Fig. A1 compares the impact of choice of the inertia tensor in the alignment cross-correlations shown in Fig. 8. In Fig. A1,
the alignments of discs around ellipsoids go from consistent with null to a radial yet weak alignment when using the reduced inertia tensor. On
the contrary, tangential alignments of ellipsoids around discs are dampened when using the reduced inertia tensor, by a factor of almost 2 in
the most extreme case. However, the choice of tensor does not influence which signal dominates between Horizon-AGN and Horizon-noAGN,
and hence our qualitative conclusions when comparing Horizon-AGN and Horizon-noAGN are not affected when using either the simple or
reduced inertia tensor.

APPENDIX B: IMPACT OF SUBSTRUCTURE

As detailed in Section 2, ADAPTAHOP classifies stellar structures into principal structures (galaxies) to which we assign level = 1 and secondary
and tertiary ones, to which we assign level = 2, 3, respectively. Including secondary structures in alignment statistics influences results
significantly at small scales (Chisari et al. 2016).

Fig. A2 compares cross-correlations using only level = 1 and galaxies of any level. Including secondary structures amplifies negative
correlations and turns positive ones into negative. This pattern highlights the fact that secondary and tertiary structures align easily with the
primary structure in which they are located, and that these alignments are tangential.
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